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Unmanned	  AircraP	  Systems

Wide	  range	  of	  sizes	  –	  2ny	  to	  large
Widely	  varying	  capabili2es
Many	  poten2al	  uses

• SAR
• traffic	  monitoring
• wildlife	  surveys
• cropdus2ng
• package	  delivery
• fire	  monitoring

Require	  opera2on	  in	  the	  NAS
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The	  SAA	  Problem

Sense	  and	  Avoid	  other	  aircra0
Maintain	  safe	  “separa2on”
ATC:

IFR	  traffic	  –	  	  3nm,	  1000P
VFR	  traffic	  –	  	  1.5nm,	  500P

Visual	  separa2on	  not	  clearly	  defined
500	  P	  from	  person,	  vehicle,	  structure
should	  be	  2me-‐based
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Aspects	  of	  SAA

Sensor	  technology	  –	  visual,	  radar,	  IR,	  electro-‐op2cal
Sensor	  Integra2on
Communica2on	  technology
Integrity/Robustness
Threat	  Recogni2on
Threat	  Avoidance
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Recogni2on	  &	  Avoidance	  work

TCAS
ACAS	  X
JOCA
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TCAS

February	  25,	  2014

Transport	  aircraP
Near	  term	  encounters
Logic:

Determinis2c	  trajectories
Ad	  Hoc	  rules
Al2tude	  Resolu2ons
Compliance
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Figure 4 shows how the numeric lookup table is used 
in real time on board an aircraft. The system receives 
sensor measurements every second. On the basis of these 
sensor measurements, the system infers the distribution 
over the aircraft’s current status. This status, or state 
estimation, takes into account the probabilistic dynamic 
model and the probabilistic sensor model. This state 
distribution determines where to look in the numeric 

the logic was represented in earlier versions of TCAS. 
Instead of complicated rules that had to be translated 
into code and implemented, all of the complexity of the 
logic is represented in a table that can be standardized, 
certified, and given to manufacturers of the system. 
Updates can then be made to the system by generating 
the new table and uploading the table to aircraft, with-
out having to change any code. 

horizontal maneuvers such as head-
ing changes or turns. After the encoun-
ter has been resolved, TCAS declares 
“Clear of Conflict.”

The logic for specifying when to 
alert and what advisory to issue is rep-
resented as a large collection of rules. 
The TCAS logic begins by estimating 
the time to closest approach and the 
projected miss distance using straight-
line extrapolation. If both are small, then 
the logic determines that an alert is nec-
essary. If an alert is necessary, the logic 
will model standard climb and descend 
maneuvers assuming a 5-second pilot 
response delay, followed by a 0.25 g 
acceleration. It chooses the direction 
that provides the greatest separation 
from the intruder. It then models a set 
of different advisory rates that are con-
sistent with the chosen direction. TCAS 
chooses the lowest rate that provides a 
required amount of separation. 

Although the general steps TCAS 
uses to select advisories are relatively 
straightforward, the details of the logic 
are very complex. Embedded in the 
TCAS logic specification are many 
heuristic rules and parameter settings 
designed to compensate for sensor 
noise and error as well as for variabil-
ity in the pilot response. There are also 
rules that govern when to strengthen, 
weaken, and reverse advisories and 
how to handle encounters with multiple 
simultaneous intruder aircraft. 

Pilot interface

Aural annunciations 
such as “Climb, Climb” 
instruct pilots to follow
vertical guidance on 
display.

Current and advised
vertical rate is shown in 
feet per minute. Avoid
vertical rates in red zone;
achieve and maintain
rates in green.

A traffic display
highlights proximate
and threat traffic.

Advisories

A “Traffic, Traffic” annunciation
indicates a potential maneuver

may be required
Resolution advisories:

Climb or descend

Level off

Maintain climb or descend

Don’t or limit climb or descent rate

Pilots have a traffic display showing the relative range, bearing, and altitude of 
all tracked targets. When an alert is issued, the traffic symbology highlights the 
intruder, the traffic or resolution advisory is annunciated aurally, and the vertical 
rate to achieve or avoid is shown on a vertical speed indicator.

Traffic alerts are issued to advise pilots that another aircraft is a potential threat and to 
prepare for a resolution advisory if necessary. A resolution advisory commands specific 
vertical-only maneuvers that will satisfy safety goals with minimal maneuvering.

Text
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ACAS	  X

February	  25,	  2014

Wider	  applicability
Near	  term	  encounters
Logic:

Trajectory	  distribu4on
MDP	  decision	  table
Al2tude	  Resolu2ons
Compliance
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NEXT-GENERATION AIRBORNE COLLISION AVOIDANCE SYSTEM

logic table to determine the best action to take—that is, 
whether to issue an advisory and if so, what vertical rate 
to use. This processing chain is repeated once per second 
with every new sensor measurement [8]. 

Critical to understanding the logic optimization pro-
cess are two important concepts. The first is a Markov 
decision process, which is essentially the probabilistic 
dynamic model combined with the utility model. The 
second is dynamic programming, which is the iterative 
computational process used to optimize the logic.

Markov Decision Processes
Markov decision processes (MDP) are a general frame-
work for formulating sequential decision problems [9]. 
The concept has been around since the 1950s, and it has 
been applied to a wide variety of important problems. 
The idea is very simple, but the effective application can 
be very complex. Figure 5 shows a small MDP with three 
states, but to adequately represent the collision avoidance 
problem, as many as 10 million states may be required—
the states representing the state of the aircraft involved, 
including its position and velocity.

Available from each state is a set of actions. In Fig-
ure 5, actions A and B are available from all three states. 
In the collision avoidance problem, the actions corre-
spond to the various resolution advisories available to the 

system. Depending on the current state and the action 
taken, the next state is determined probabilistically. For 
example, if action A is taken from state 2 in the example 
MDP, there is a 60% chance that the next state will be 1 
and a 40% chance the next state will be 2.

The benefits or rewards of any action are generated 
when transitions are made. Rewards can be positive, such 
as +1 and +5 in the example, or they can be negative like 10 
for making the transition from state 3 to state 2 by action B. 
In the collision avoidance problem, there are large costs for 
near midair collisions and small costs for issuing resolution 
advisories to the pilots. There are also costs for reversing 
the direction of the advisory and increasing the required 
vertical rate. The objective in an MDP is to choose actions 
intelligently to maximize the accumulation of rewards, or, 
equivalently, minimize the accumulation of costs.

Dynamic Programming
Dynamic programming is an efficient way to solve an 
MDP [10]. The first step involves discretizing the state 
space. Figure 6 shows a notional representation of the 
state space, where the discrete states are represented as 
boxes. In this simple representation, the vertical axis rep-
resents altitude relative to the other aircraft, and the hori-
zontal axis represents time. The time at which a potential 
collision occurs corresponds to the rightmost column. The 

FIGURE 4. ACAS X performs state estimation and action selection once per second. Based on new sensor measurements 
and models of the dynamics and sensors, the system updates its estimate of the state of the aircraft. Uncertainty in the state 
estimate is represented as a probability distribution. This distribution specifies where to look in a table to determine which 
resolution advisory to provide to the pilots.

Updates
once per second

State
estimation

Action
selection

Sensor
measurements

Fast table
lookups

State
distribution

Resolution
advisory

Probabilistic
dynamic model

Probabilistic
sensor model Optimized

logic table

Next-generation airborne collision avoidance system, Kochenderfer et al., Lincoln Labs J.19(1), 2012
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What’s	  Different?

Emphasis:
• small	  UAS
•VFR
• low	  al2tude
•medium	  term

Issues
• traffic	  trajectory	  is	  less	  predictable
•medium/long	  term	  predic2on	  is	  harder
• terrain
•weather
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Approach

Threat	  Recogni2on
•probabilis2c	  plan	  recogni2on
• knowledge	  intensive

Threat	  Resolu2on
•probabilis2c	  planning
• take	  objec2ve	  into	  account
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Example
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Intruder

UAS

Wildlife survey
Traffic monitoring
SAR
Cropdusting

1000 AGL
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Example
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Example

February	  25,	  2014 NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   2

.25

.2

.2

.1

.1

.05

.05

.025

.025
Intruder

ACAS X
20-40s

.25

.2

.2

UAS

1000 AGL

Wednesday, February 26, 2014



NASA Aeronautics Research Institute

Example
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Example
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Example
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Example
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Example
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Example
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Example

February	  25,	  2014 NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   2

Intruder

27

09

UAS

Wednesday, February 26, 2014



NASA Aeronautics Research Institute

Example

February	  25,	  2014 NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   2

Intruder

27

09

UAS

Wednesday, February 26, 2014



NASA Aeronautics Research Institute

Example
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Intui2on

Trajectory	  Predic2on	  is	  a	  knowledge-‐intensive	  task
• heading,	  velocity,	  accelera2on	  (lateral,	  ver2cal)
• aircraP	  type
• transponder
• communica2on	  
• airports
• traffic	  pajerns
• airspace
• airways,	  arrival/departure	  routes
• terrain
•weather

Given	  evidence,	  what	  is	  the	  intruder	  likely	  to	  do?
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Technical	  Approach

Model	  the	  predic2on	  problem	  as	  a	  Dynamic	  
Bayesian	  Network
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Evidence Prediction
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Technical	  Approach

Model	  the	  predic2on	  problem	  as	  a	  Dynamic	  
Bayesian	  Network
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Evidence Prediction

ACAS X
v, v’, ψ’, h, h’

Here
v, v’, ψ’, h, h’
type, transponder, wx
legs, intent
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Bayes	  Net
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Architecture
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Segment 
Matching

Database
Airways, IAPS
Traffic Patterns

Bayes Net

O
bs

er
va

tio
ns

 

Leg Predictions

Leg 
Extraction

Threat evaluation
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Route	  Segments

Airways,	  IAPS	  from	  ARINC	  424	  database
ACES’s	  SAA-‐integrated	  new	  Java	  classes:

– Store	  route	  segments:	  track	  with	  lateral	  tolerance,	  
al2tude	  range,	  heading	  with	  tolerance	  

– Mul2ple	  segments	  make	  up	  an	  airway/IAP/traffic-‐pajern.

NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   10February	  25,	  2014
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Trajectory	  Leg	  Generator

• New	  Java	  classes	  integrated	  with	  ACES’s	  SAA	  
and	  u2lize	  ACES’s	  basic	  classes.

• Analyze	  the	  observed	  history	  of	  an	  intruder	  by	  
breaking	  it	  into	  unique	  legs	  based	  on:
– Speed:	  constant,	  accelera2ng,	  decelera2ng
– Al4tude:	  constant,	  climbing,	  descending

– Heading:	  constant,	  turn-‐leP,	  turn-‐right

NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   11February	  25,	  2014
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Route	  Segment	  Matching

• Match	  observed	  trajectory	  legs	  with	  route	  
database
– All	  points	  within	  a	  given	  leg	  are	  within	  the	  3D	  
boundary	  of	  the	  route	  segment.

– AircraP	  heading	  for	  each	  point	  in	  a	  leg	  should	  be	  
within	  the	  pre-‐specified	  tolerance	  of	  the	  
segment’s	  heading.

NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   12February	  25,	  2014
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Inten2ons

	  Build	  probabilis2c	  predictor

	  Evalua2on	  using	  ACES
–	  create	  mix	  of	  small	  aircraP	  trajectories
–	  compare	  ACES-‐SAA	  to	  iSAA
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Accomplishments

	  Build	  probabilis2c	  predictor
–	  leg	  extrac2on
–	  segment	  matching
–	  dynamic	  bayes	  net	  predictor
–	  Hand	  evalua2on	  of	  Bayes	  Net	  on	  characteris2c	  examples

	  Evalua2on	  using	  ACES
–	  create	  mix	  of	  small	  aircraP	  trajectories
–	  compare	  ACES-‐SAA	  to	  iSAA
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ACES	  SAA	  Architecture

NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   3

Trajectory Generator

constraints on airplanes’ trajectory

ownship 
trajectory

other airplanes trajectory

Intruder Detection

Set of possible threat aircraft

Threat Detection

Threat Resolution

Loss of Separation Threats

Maneuver(s) to address most immediate threat
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ACES	  Threat	  Detec2on

• Trajectories	  for	  ownship	  and	  intruders	  are	  
discre2zed	  and	  mapped	  to	  a	  lat/long	  grid	  called	  the	  
DynMap.

• Loss-‐of-‐separa2on	  threats	  are	  evaluated	  on	  the	  
DynMap.	  Start	  and	  End	  Times	  are	  computed	  for	  each	  
threat.

• Threats	  that	  are	  beyond	  a	  minimum	  ver2cal	  
separa2on	  threshold	  are	  discarded.

NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   4February	  25,	  2014
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ACES	  Threat	  Resolu2on

• Only	  the	  Threat	  with	  minimum	  start	  2me	  addressed.
• Algorithm	  determinis2cally	  tries	  a	  set	  of	  pre-‐
specified	  steps	  to	  change	  one	  of	  {Horizontal	  posi2on,	  
Al2tude,	  Speed}	  un2l	  it	  either	  resolves	  all	  the	  
conflicts,	  or	  runs	  out	  of	  pre-‐specified	  changes	  to	  try.

• Each	  of	  the	  selected	  changes	  is	  translated	  into	  a	  
corresponding	  maneuver.

• Result	  of	  Threat	  resolu2on	  is	  the	  set	  of	  Maneuvers	  
that	  eliminates	  most	  immediate	  threat	  

NASA	  Aeronau2cs	  Research	  Mission	  Directorate	  2014	  Seedling	  Technical	  Seminar	   5February	  25,	  2014
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ACES	  SAA	  Limita2ons
• No	  support	  for	  represen2ng	  terrain	  and	  weather	  data
• Limited	  representa2on	  of	  aircraP	  type	  and	  capability	  

informa2on
• Does	  not	  support	  flight	  at	  different	  al2tudes
• No	  support	  for	  informa2on	  sources	  such	  as	  exis2ng	  airways,	  

IAPs,	  Traffic	  Pajerns
• Does	  not	  u2lize	  history	  of	  intruder’s	  trajectory
• No	  good	  visualiza2on	  capability
• Threat	  resolu2on	  assumes	  determinis2c	  predic2on
• intruder	  trajectories	  do	  not	  seem	  to	  respect	  heading	  &	  

waypoint	  constraints
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SAA	  Visualiza2on

• Interac2ve	  discrete	  2me	  simula2on
• Incremental	  addi2on	  of	  intruders
• For	  each	  discrete	  2me	  step,	  automa2c	  display	  
of:
– 2D	  threat	  detec2on	  graph
– Detected	  threats	  
– Computed	  resolu2on	  maneuvers

• Saved	  history	  to	  support	  debugging/
verifica2on
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SAA	  Visualiza2on
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Challenges
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Bayes	  Net	  Size	  and	  Encoding
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Procedure	  Automata
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Procedure	  Automata
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Next	  Steps

• Integra2on	  and	  tes2ng	  with	  ACES
• More	  compact	  &	  robust	  representa2on	  of	  Bayes	  Net
• Automa2c	  genera2on	  of	  Routes	  from	  NFD
• Probabilis2c	  Threat	  Resolu2on

– ACAS	  X	  	  approach
– POMDPS	  are	  loca2on	  specific
– goals,	  wx,	  terrain,	  etc.
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• Automa2c	  genera2on	  of	  Routes	  from	  NFD
• Probabilis2c	  Threat	  Resolu2on

– ACAS	  X	  	  approach
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